I. INTRODUCTION
Parametric channel models are an important class of channel models for Multiple Input Multiple Output (MIMO) systems [1] - [5] . Parametric channel models use important physical parameters such as phases, delays, doppler frequency, angle of departure (AOD), angle of arrival (AOA) and angle spread to provide a description of MIMO channel characteristics [6] . These parameters are described by prescribing underlying probability distribution functions without assuming an underlying geometry for scatterers (as is done in geometric models). When all the parameters are defined, they can be related using an analytical formulation. This can then be used to model different environments by choosing appropriate parameter values.
An example of a standardised model, based on the parametric approach, is the Spatial Channel Model (SCM) developed by Third Generation Partnership Project [5] . This is a detailed system level model which is applicable to urban micro-cell, urban macro-cell and suburban macro-cell fading environments. Although several similar implementations of parametric channel models can be found in the literature [1] - [4] , less has been reported about the statistical properties of the resulting channel models. It is well known that the performance of MIMO systems is greatly influenced by the spatial and temporal properties of the underlying wireless propagation environment [7] . Thus it is important to investigate the statistical properties of parametric channel models.
In this work, we propose a parametric channel model for MIMO systems in an urban macro-cell environment (approximately 3km base station separation as defined in [5] This paper is organised as follows. The overall framework of the channel model is presented in Section II. The temporal and spatial properties of the reference MIMO channel model are described in Section III. The simulation results are discussed and compared with results offered by closed-form expressions in Section IV. Finally conclusions are drawn in Section V.
II. PARAMETRIC CHANNEL MODEL
Without loss of generality, we consider a downlink system i.e. the Base Station (BS) is transmitting and Mobile Station (MS) is receiving. We assume a triangular BS with each side covering a 120
• sector. For simplicity, we assume that the BS and MS employ N B element Uniform Linear Array (ULA) and an N M element ULA with inter-element spacings d B and d M , respectively. The transmitted signal from the BS reaches the MS via scattering from clusters. Following [4] , [5] , the received signal at the MS can be modelled as L time delayed replicas of the transmitted signal with each path further consisting of S subpaths. The paths (corresponding to a cluster) are considered to be resolvable while the subpaths (corresponding to scatterers in a cluster) are considered to be unresolvable. A simplified sketch of the model showing the angular parameters is given in Fig. 1 .
A. Channel Impulse Response
The channel impulse response for the lth path of the kth user between the nth transmit and mth receive antenna can be written as where S is the number of subpaths (s is the subpath index), L is the number of paths (l is the path index), K is the number of users (k is the user index), N B is the number of BS antennas (n is the BS antenna index), N M is the number of MS antennas (m is the MS antenna index), d M is the MS inter-element distance, d B is the BS inter-element distance, κ = 2π/λ is the wave number, f D is the maximum Doppler frequency, Ω k,l is the mean path power for the lth path of the kth user, τ k,l is the signal time delay for the lth path of the kth user, φ 
B. Description of Channel Parameters
The following assumptions are made with regard to the channel parameters:-
Non Line-Of-Sight Multipath Propagation
We consider multipath propagation with no Line-Of-Sight (LOS) component, which is appropriate for urban macrocell environments. The path powers and delays can be determined using standard power delay profiles [6] . If required, the existence of LOS component for urban microcell can also be taken into account using an approach described in [3] .
Angle of Departure and Angle of Arrival
The mean Angle of Departure (AOD) from the BS is assumed to be uniformly distributed in [− 
PDF in AOD
MIMO channel models assume either a Probability Density Function (PDF) for the distribution of received energy (Power Azimuth Spectrum (PAS)) or a PDF for the distribution of received signals (Azimuth Angular Spread (AAS)) respectively. Measurement have indicated that in typical urban environments, the PAS is accurately described by a Laplacian distribution while the AAS is accurately described by a Gaussian distribution [11] . The median angular spread depends on the height of the BS antenna and typically varies in the range 5
• − 20
• , as reported in [11] . We adopt the AAS approach and assume that the azimuth signal distribution at the BS can be modelled by a Gaussian distribution.
PDF in AOA
The PDF in the AOA describes the angular distribution of the subpaths arriving at the MS in azimuth. For simplicity, we assume Clark's isotropic scattering model [12] , i.e. the azimuth signal distribution at the MS is modelled by a uniform PDF over [−π, π] . It must be noted that the general case of nonuniform angular distribution of the subpaths at the MS can be handled using the von Mises distribution [3] .
C. Channel Matrix
Using (1), the general N M × N B channel matrix H k,l can be written. For a 2 × 2 system, it is given by
where h
is the channel impulse response between MS antenna m and BS antenna n.
III. PROPERTIES OF REFERENCE CHANNEL MODEL
In this section, we describe the temporal and spatial properties of a reference MIMO channel model. The reference properties are summarized from [8] - [10] . The goal of the proposed parametric channel model is to reproduce these statistical properties as accurately as possible.
A. Temporal Properties
The channel coefficients in (1) are complex numbers and can be written as
where h I (t) and h Q (t) represent the real and imaginary parts of the complex channel coefficient. Under isotropic scattering assumptions with number of subpaths S → ∞, the temporal correlations are specified by the following functions [8]
where |h(t)| 2 is the squared fading envelope, E(·) is the statistical average operator, f D is maximum Doppler frequency and J 0 (·) is the zero-order Bessel function of the first kind.
Two other important second-order statistical properties are the Level Crossing Rate (LCR) and Average Fade Duration (AFD). LCR is defined as the rate at which the fading envelope crosses a specified threshold in the positive slope while AFD is the average duration of time that the fading envelope remains below a specified threshold. When S → ∞, the LCR, L |h| , and AFD, T |h| , of fading envelope are given by [13] 
where ρ is the specified envelope threshold.
B. Spatial Properties
The spatial envelope correlation coefficient ρ s , between the pth and qth antenna elements for a ULA, is given by
where R s (p, q) denotes the complex spatial correlation between the pth and qth antenna elements for a ULA.
Spatial Correlation at Mobile Station
Assuming a uniform distribution for the AOA, the real and imaginary parts of signal correlation between the pth and qth MS antenna elements are given by [10] 
where θ AOA is the mean AOA, ∆ is the scattering angle (corresponding to MS angle spread
is the sinc(·) function.
Spatial Correlation at Base Station
Assuming a Gaussian distribution for the AOD, the real and imaginary parts of the signal correlation between the pth and qth BS antenna elements are given by [9] 
where θ AOD is the mean AOD, σ AOD is the BS angle spread, z pq = 2π|p − q|d B /λ, d B is the BS inter-element distance, λ is the wavelength, J n (x) is the nth order Bessel function of the first kind,
is a constant and erf(a + jb) is the complex input error function [14] .
The expressions in (12) and (13) can be substituted into (11) to obtain the spatial envelope correlation at the MS and the BS respectively.
IV. RESULTS
The simulation results in this section are obtained by implementing (1) in MATLAB. The reference model results are plotted using (4)- (13) . For simplicity, an N M × N B = 2 × 2 MIMO system is considered and T = 20000 channel coefficients are generated with 8 samples/wavelength and mobile velocity v = 60 km/hr (f c = 2 GHz, f D = 111.11 Hz). This corresponds to a normalised distance travelled by the MS of d/λ = 1250, which is sufficient to represent the channel statistics accurately [15] . The number of subpaths per path is set to S = 25. This value is adopted as the best tradeoff between statistical model accuracy and model complexity (in comparison, S = 20 is adopted in the SCM specifications [5] ). The parameters values for urban macrocell, used in the simulations, are summarized in Table I . 
A. Temporal Correlation Characteristics
First, we investigate the temporal properties of the proposed channel model using h (2,2) (t). Fig. 2 shows the autocorrelation of the real part of h (2, 2) (t) and the autocorrelation of the squared fading envelope |h (2,2) (t)| 2 respectively. The squared fading envelope is significant because it is proportional to instantaneously received signal power. Fig. 3 shows the crosscorrelation of real and imaginary parts of h (2,2) (t). The normalised empirical correlations from the simulations were calculated using [16] 
where most communication systems, short time delays e.g. f D τ ≤ 2 are of more interest [17] . Hence the proposed channel model is excellent in terms of the temporal correlation properties. The temporal behaviour of the remaining channel sequences in (2) is similar and therefore not shown here. 
B. Level Crossing Rate and Average Fade Duration

C. Spatial Correlation at MS
The plot of the spatial envelope correlation coefficient ρ s (1, 2) at the MS for mean angle of arrival θ AOA = 60
• is shown in Fig. 5 . The normalised empirical spatial envelope correlation coefficient from simulations is calculated using
where c = h (1, 1) and d = h (2, 1) . The figure shows that there is an excellent agreement between the simulated and reference model values for 0 ≤ d M /λ ≤ 3.5. The simulated results deviate very slightly from the reference model results only for higher values of normalised inter-element distance (which are unlikely to be utilized at the MS in a practical scenario). The results for other AOAs are similar and not shown here due to limited available space.
D. Spatial Correlation at BS
Figs. 6 and 7 show the plots of spatial envelope correlation coefficient ρ s (1, 2) at the BS for mean angle of departure θ AOD = 0
• (broadside) and θ AOD = 60
• (sector edge) and angle spreads σ AOD = 5
• , 10
• , 20
• respectively. This range of BS angle spread values has been reported by measurements in typical outdoor environments [11] . The normalised empirical spatial envelope correlation coefficient from simulations is calculated using (15) with c = h (1, 1) and d = h 
